The physical mechanism of beam formation in dolphin’s biosonar by 魏翀
  
 
学校编码：10384                                           密级       









博 士 学 位 论 文 
     
海豚生物声呐超声波束形成物理机理研究                                                                                                                                                                                                                






指导教师姓名：张 宇 教 授 
专  业 名 称：海 洋 物 理 
论文提交日期：2016 年 4 月 


























另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的




声明人（签名）：             























（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 






声明人（签名）：             

















目 录 ........................................................................................................... I 
CONETENTS ......................................................................................... IV 
摘要 ......................................................................................................... VII 
ABSTRACT .............................................................................................. X 
第一章 绪论 .............................................................................................. 1 
1.1 研究背景和意义 ............................................................................................ 1 
1.2 海豚声学研究的相关背景 ............................................................................ 3 
1.2.1 海豚声信号的研究.............................................................................. 3 
1.2.2 海豚发声及声传播研究...................................................................... 8 
1.2.3 海豚波束特性的研究........................................................................ 11 
1.2.4 鲸豚离体实验及额隆声功能的研究................................................ 14 
1.3 本文的目的和结构布局 .............................................................................. 16 
第二章 海豚声信号的采集及特征研究 ................................................ 18 
2.1 引言 .............................................................................................................. 18 
2.2 研究对象 ...................................................................................................... 18 
2.2.1 宽吻海豚、白鱀豚及其声信号特性................................................ 19 
2.2.2 鼠海豚、长江江豚及其声信号特性................................................ 21 
2.3 海豚声信号的采集和信号分析 .................................................................. 22 
2.3.1 海豚声信号的采集............................................................................ 22 
2.3.2 海豚通讯信号分类研究.................................................................... 25 
2.4 本章小结 ...................................................................................................... 33 
第三章 海豚头部声学结构重建实验 .................................................... 34 
3.1 研究背景 ...................................................................................................... 34 
3.2 海豚头部几何模型的重建 .......................................................................... 35 
















3.2.2 图像边缘探测技术............................................................................ 40 
3.2.3 三维立体扫描.................................................................................... 41 
3.3 海豚头部组织声学参数测量 ...................................................................... 42 
3.3.1 组织声速测量.................................................................................... 42 
3.3.2 组织密度测量.................................................................................... 47 
3.4 海豚头部三维声学特性重建 ...................................................................... 48 
3.4.1 CT 值及亨氏单位 .............................................................................. 48 
3.4.2 回归分析及数据统计........................................................................ 49 
3.5 本章小结 ...................................................................................................... 55 
第四章 有限元模型及海豚头部波束形成 ............................................ 57 
4.1 引言 .............................................................................................................. 57 
4.2 有限元方法 .................................................................................................. 58 
4.2.1 有限元基本思想................................................................................ 58 
4.2.2 有限元数值分析流程........................................................................ 60 
4.2.3 线源声辐射有限元仿真.................................................................... 64 
4.3 二维模型导入及建立 .................................................................................. 66 
4.3.1 瞬态模式............................................................................................ 66 
4.3.2 稳态模式............................................................................................ 67 
4.3.3 材料属性的设置................................................................................ 68 
4.3.4 边界设定以及网格单元划分............................................................ 68 
4.4 海豚头部内部的声传播特性研究 .............................................................. 70 
4.5 海豚头部外部的波束形成 .......................................................................... 73 
4.5.1 海豚回声定位声场分布.................................................................... 73 
4.5.2 海豚定位波束远场指向性................................................................ 77 
4.6 海豚声源原始波形的讨论 .......................................................................... 81 
4.7 本章小结 ...................................................................................................... 84 
第五章 海豚头部组织在波束形成中的作用 ........................................ 86 
















5.2 海豚头部主要组织结构 .............................................................................. 86 
5.3 不同组织在头部传播中的作用 .................................................................. 88 
5.3.1 前额结构的作用................................................................................ 89 
5.3.2 骨质结构的作用................................................................................ 96 
5.3.3 气囊结构的作用................................................................................ 99 
5.3.4 额隆组织的作用.............................................................................. 101 
5.3.5 其他软组织在波束形成中的相对作用.......................................... 108 
5.4 本章小结 .................................................................................................... 109 
第六章  总结与展望 ............................................................................ 111 
6.1 研究总结 .................................................................................................... 111 
6.2 未来的工作展望 ........................................................................................ 115 
参考文献 ................................................................................................ 116 
致 谢 ....................................................................................................... 129 






















Contents (Chinese) .................................................................................... I 
Contents (English) ................................................................................. IIV 
Abstract (Chinese) ................................................................................ VII 
Abstract (English) .................................................................................... X 
Chapter 1 Preface ...................................................................................... 1 
1.1 Introduction .................................................................................................... 1 
1.2 Dolphin bioacoustics research background ................................................. 3 
1.2.1 Acoustic signal research ........................................................................ 3 
1.2.2 Sound production and propagation research ......................................... 8 
1.2.3 Biosonar beam characteristics research .............................................. 11 
1.2.4 Vitro experiment and melon function research ................................... 14 
1.3 Purpose and layout ...................................................................................... 16 
Chapter 2 Dolphin acoustic signal collection and signal 
characteristics rearch ............................................................................. 18 
2.1 Introduction .................................................................................................. 18 
2.2 The objects of this study .............................................................................. 18 
2.2.1 Bottlenose dolphin and Baiji ............................................................... 19 
2.2.2 Harbor porpoise and Yangtze finless porpoise .................................... 21 
2.3 Signal collection and signal processing ...................................................... 22 
2.3.1 Signal collection.................................................................................. 22 
2.3.2 Whistle classification analysis ............................................................ 25 
2.4 Summary ....................................................................................................... 33 
Chapter 3 Acoustic reconstruction of dolphin’s Head ........................ 34 
3.1 Reasearch background ................................................................................ 34 
3.2 Geometric model reconstruction of dolphin’s head .................................. 35 















3.2.2 Image edge detection techonology...................................................... 40 
3.2.3 Three-demensional scan technology ................................................... 41 
3.3 Acoustic property measurement of the tissues in dolphin’s head ............ 42 
3.3.1 Sound velocity measurement .............................................................. 42 
3.3.2 Density measurement .......................................................................... 47 
3.4 Three-dimensional acoustic reconstruction of dolphin’s head ................ 48 
3.4.1 Hounsfield Unit ................................................................................... 48 
3.4.2 Regression analysis and data statistics ................................................ 49 
3.5 Summary ....................................................................................................... 55 
Chapter 4 Finite element model and biosonar beam formation in 
dolphin’s head ......................................................................................... 57 
4.1 Introduction .................................................................................................. 57 
4.2 Finite element method ................................................................................. 58 
4.2.1 Basic ideas of finite element method .................................................. 58 
4.2.2 Basic process of finite element method anaylsis ................................ 60 
4.2.3 A FEM simulation of line source sound radiation .............................. 64 
4.3 Two-dimensional model import and Setup ................................................ 66 
4.3.1 Transient model ................................................................................... 66 
4.3.2 Steady state model .............................................................................. 67 
4.3.3 Material ............................................................................................... 68 
4.3.4 Boundary and meshing ....................................................................... 68 
4.4 Sound propagation in dolphin’s head ........................................................ 70 
4.5 Formation of dolphin’s biosonar beam ...................................................... 73 
4.5.1 The acoustic field of echolocating dolphin ......................................... 73 
4.5.2 The beam pattern of echolocating dolphin in the far-field.................. 77 
4.6 Discussion of the original signal at sound source excitation .................... 81 
4.7 Summary ....................................................................................................... 84 















dolphin’s biosonar beam ........................................................................ 86 
5.1 Introduction .................................................................................................. 86 
5.2 The main structures in the dolphin’s head ................................................ 86 
5.3 The role of structures in the formation of dolphin’s biosonar beam ....... 88 
5.3.1 The role of forehead ............................................................................ 89 
5.3.2 The role of skull .................................................................................. 96 
5.3.3 The role of air sacs .............................................................................. 99 
5.3.4 The role of melon .............................................................................. 101 
5.3.5 The ralative role of other soft tissues in the beam formation............ 108 
5.4 Summary ..................................................................................................... 109 
Chapter 6  Conclusions and prospects .............................................. 111 
6.1 Conclusions ................................................................................................. 111 
6.2 Prospects ..................................................................................................... 115 
References .............................................................................................. 116 
Acknowledgements ............................................................................... 129 
























































































































As gregarious marine mammals, odontocetes have sophisticated biosonar 
systems. The evolutionary process has led to a highly optimization on their biosonar 
systems. An echolocating dolphin can detect centimeter level object more than one 
hundred meters away and can also distinguish a metal object with its thickness at 
millimeter level. Additionally, they can adjust their biosonar beam when they are 
detecting moving objects. The great performance of dolphin’s biosonar system has 
been attracting the acoustics researchers all around the world. The bioacoustics 
research on the odontocetes has been one of hot topics in the bioacoustics field and 
ocean acoustics field, it also has become a new technology industry for marine 
technology development. Moreover, it can provide useful information for the 
protection of some rare marine mammal species and bionic sonar technology 
development. However, dolphin bioacoustics is extremely challenging because it is a 
crossing field of the acoustics, biology and bionics. The complexity of animal sound 
production mechanism and the uncertainty of performing experiments on live animals 
also enhance its difficulty. Acoustic models based on physics and mathematics have 
been widely used as an effective method on bioacoustics. The models have significant 
advances in gaining further understanding of the acoustic processes in the generation 
of animal’s acoustic signals, animal sound production and propagation by providing 
some numerical and visual evidences. The advances in the methodology of such 
numerical simulations are to address questions that have proven difficult to resolve 
experimentally and clarify what kind of measurements should be performed to answer 
some specific questions. 
Generally, there tend to be two broad categories to classify the odontocetes 
according to their echolocation signals: the one can emit brief broadband high 
frequency echolocation signals with between 4-8 cycles and duration of 40-70 µs, the 















about 12 cycles and duration generally greater than 100 µs. Considering the 
universality of this study, the objects in this study will include two categories: 
bottlenose dolphin and baiji which use broadband high frequency echolocation signals, 
harbor porpoise and Yangtze finless porpoise which use narrowband high frequency 
echolocation signals. Firstly, a high accuracy computed tomography technology will 
be used to scan a fresh animal specimen and a measurement will be performed to 
obtain the physical properties of the tissues in animal’s head. A finite element method 
will be applied to set up numerical models based on two-dimensional acoustic 
reconstruction results. The acoustic processes in the generation of animal’s acoustic 
signals, sound propagation in the animal’s forehead and the ultrasound biosonar beam 
formation in the far field will be investigated by numerical simulations based on finite 
element models.  
This paper will include contents as following: 
1. Introduce research background about dolphin bioacoustics and numerical 
modeling applications on odontocetes bioacoustics. 
2. Tissue physical properties measurements and three-dimensional acoustic 
property reconstruction on dolphin’s head based on CT imaging. 
3. Use finite element method to set up a numerical model for simulating the 
physical processes of sound production, sound propagation and ultrasound 
beam formation in animal’s head. 
4. Indicate the scattering, reflection and refraction of the sound in animal’s head, 
and explain how the acoustic channel in animal’s head and the high 
directivity biosonar beam in the far field be formed. 
5. Discuss the sound source excitation signal by comparing the simulation 
results and measurement results based on dolphin sound production 
mechanism. 
6. Investigate the roles of various structures in the head on the formation of the 















melon’s function in the formation of the outgoing beam and whether the 
melon is the key for focusing the ultrasound beam in the forehead. 
The significant findings of this study are: 
1. This is the first study to find that the melon of the neonate finless porpoise is 
unlike any other adult odontocetes. The melons of most odontocetes have a 
low velocity, low-density core with values that increase towards the outer 
boundary of the melon. No such gradient or profile or either velocity or 
density were found in the neonate finless porpoise samples of this study. 
2. This study combined animal tissue properties measurement, acoustic signal 
analysis and numerical models to study the physical principles operating in 
the biosonar beam formation processes in the dolphin’s head. 
3. The study to investigate the influences in the biosonar beam formation 
processes caused by the different head sizes and shapes (the length of the 
rostrum) of broadband echolocation dolphins and narrowband echolocation 
dolphins.  
4. This is the first study to look for the sound source excitation signal by 
comparing the simulation results and measurement results based on dolphin 
sound production mechanism. 
5. This is the first study to reveal the roles of various structures in the dolphin’s 
head and compare the relative importance of each tissue in the dolphin’s head 
on the formation of the biosonar beam. The air sacs seem to have a role of 
directing propagation of the signal towards the front and the skull prevents 
the sound propagating below the rostrum. Additionally, this study went deep 
inside the melon and provided the first numerical and visual evidence of the 
melon function in the formation of the outgoing beam. The results showed 
that the melon has a minor role in formation of the biosonar beam and its role 
might be more for channeling of the sounds and matching the impedance 
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